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©  Programmable  high-speed  digital  delay  circuit 

©  A  high-speed  electrical  circuit  (10)  provides  an  output  signal-  that  is  a  delayed  version  of  a  digital  input 
signal.  The  circuit  (10)  includes  two  subcircuits  (20  and  22)  which  receive  the  input  signal  and  whose  outputs  (52 
and  56)  are  summed  together.  The  subcircuits  (20,22)  provide  two  different  paths  for  the  digital  input  signal  to 
travel,  one  path  providing  a  long  time  delay  and  the  other  path  providing  a  short  time  delay.  Each  of  the 
subcircuits  (20,  22)  comprises  a  pair  of  emitter-coupled  transistors  (24  and  26;  28  and  30).  The  subcircuit  (20) 
providing  the  long  delay  time  includes  transistors  (24,  26)  which  have  large  areas  and  collector  resistors  (42,  48) 
that  promote  relatively  slow  transistor  switching  response  time.  The  subcircuit  (22)  providing  the  short  delay  time 
is  optimized  for  high  speed  operation.  An  externally  applied  control  signal  controls  the  relative  amounts  of 
current  flowing  through  the  emitters  of  the  pairs  of  emitter-coupled  transistors  (24  and  26;  28  and  30)  and 
thereby  controls  the  proportion  of  the  delay  time  effected  on  the  digital  input  signal  by  each  of  the  slow  and  fast 
paths.  The  total  time  delay  provided  by  the  circuit  (10)  ranges  from  that  of  the  slow  path  to  that  of  the  fast  path. 
The  control  signal  provides  a  means  to  maintain  the  desired  amount  of  delay  time  should  it  change  in  response 
to  changes  in  temperature.  » 
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PROGRAMMABLE  HIGH-SPEED  DIGITAL  DELAY  CIRCUIT 

Background  of  the  Invention 

The  present  invention  relates  to  signal  delaying  circuitry  and,  in  particular,  to  a  high-speed  time  delay 
5  circuit  that  uses  an  externally  applied  signal  to  control  with  high  precision  the  delay  time  of  a  digital  signal. 

To  operate  properly,  high-speed  integrated  circuits  often  require  precise  timing  of  many  signals  to 
achieve  coincident  transitions  between  logic  states.  Transitions  between  logic  states  of  high-speed  signals 
occur  at  different  times  because  of  differences  in  signal  path  lengths  and  in  signal  propagation  delay  times 
of  the  integrated  circuit  elements. 

70  One  way  of  achieving  the  precise  timing  of  a  "late"  signal  and  an  "early"  signal  is  to  delay  the  "early" 
signal  by  an  amount  of  sufficient  duration  that  aligns  the  logic  transitions  of  the  signals.  Such  alignment  can 
be  accomplished  by  passing  the  "early"  signal  through  a  series  of  circuit  elements  that  have  fixed 
propagation  delays.  This  expedient  suffers  from  the  disadvantage  of  requiring  the  use  of  redundant  circuitry 
that  occupies  extra  space  on  the  integrated  circuit  and  consumes  additional  amounts  of  power.  Moreover, 

75  the  delay  provided  is  of  a  fixed  amount  and  is  susceptible  to  propagation  delay  changes  that  result  from 
temperature  variations.  The  result  is  that  a  small  propagation  delay  deviation  is  multiplied  by  the  presence 
of  the  several  delay-producing  circuit  elements  in  the  series. 

20  Summary  of  the  Invention 

An  object  of  the  present  invention  is,  therefore,  to  provide  a  high-speed  circuit  that  controls  with  high 
precision  the-  delay  time  of  a  digital  signal. 

Another  object  of  the  invention  is  to  provide  such  a  circuit  which  can  be  fabricated  as  part  of  an 
25  integrated  circuit,  occupies  a  minimum  amount  of  space,  and  consumes  a  minimum  amount  of  power. 

A  further  object  of  the  invention  is  to  provide  such  a  circuit  whose  delay  time  is  adjustable  and  thereby 
can  be  compensated  for  changes  in  delay  time  that  result  from  temperature  variations  and  circuit  parameter 
differences. 

The  present  invention  is  a  high-speed  electrical  circuit  that  provides  an  output  signal  which  is  a  delayed 
30  version  of  a  digital  input  signal.  The  circuit  includes  two  delay  subcircuits  which  receive  the  input  signal  and 

whose  outputs  are  summed  together.  The  subcircuits  provide  two  different  paths  for  the  input  signal  to 
travel,  one  path  providing  a  long  time  delay  and  the  other  path  providing  a  short  time  delay. 

In  a  preferred  embodiment,  the  first  delay  subcircuit,  which  provides  a  long  time  delay,  comprises  a 
pair  of  emitter-coupled  transistors  that  have  relatively  large  areas  and  use  extra  collector  resistors. 

35  Transistors  having  large  areas  and  extra  collector  resistors  promote  a  relatively  slow  transistor  switching 
response  time  by  Miller  multiplication  of  the  capacitance  between  their  respective  base  and  collector 
regions.  The  second  delay  subcircuit,  which  provides  a  short  time  delay,  comprises  a  pair  of  emitter- 
coupled  transistors  that  have  areas  of  nominal  size  and  use  no  extra  collector  resistors. 

An  externally  applied  DC  control  signal  controls  the  relative  amounts  of  current  flowing  through  the 
40  emitters  of  the  pairs  of  emitter-coupled  transistors  and  thereby  controls  the  proportion  of  delay  time 

effected  on  the  digital  input  signal  by  each  of  the  slow  and  fast  paths.  The  total  time  delay  provided  by  the 
circuit  ranges  from  that  of  the  slow  path  to  that  of  the  fast  path.  The  control  signal  sets  the  delay  time 
developed  by  the  circuit  and  provides  a  means  to  maintain  the  delay  time  at  the  desired  amount. 

Additional  objects  and  advantages  of  the  present  invention  will  be  apparent  from  the  following  detailed 
45  description  of  a  preferred  embodiment  thereof,  which  proceeds  with  reference  to  the  accompanying 

drawing. 

Brief  Description  of  the  Drawing 
50 

Fig.  1  is  an  electrical  circuit  schematic  diagram  of  the  delay  circuit  of  the  present  invention. 
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Detailed  Description  of  a  Preferred  Embodiment 

With  reference  to  Fig.  1,  the  delay  circuit  10  receives  across  its  input  terminals  12  and  14  a  differential 
voltage,  Vh  and  provides  across  its  output  terminals  16  and  18  a  differential  output  voltage,  V0,  that 

5  represents  a  delayed  version  of  the  input  signal  V|.  The  input  signal  is  preferably  a  high-speed  digital  signal 
 ̂ of,  for  example,  the  emitter-coupled  logic  (ECL)  type. 

.»  Delay  circuit  10  comprises  a  first  or  "slow"  delay  subcircuit  20  and  a  second  or  "fast"  delay  subcircuit 
4  22  whose  inputs  and  outputs  are  connected  together.  Subcircuit  20  and  subcircuit  22  comprise  a  pair  of 

emitter-coupled  NPN  transistors  24  and  26  and  a  pair  of  emitter-coupled  NPN  transistors  28  and  30, 
w  respectively.  The  base  terminals  32  and  34  of  the  respective  transistors  24  and  28  are  connected  together 

to  form  a  positive  input  to  which  input  terminal  12  is  connected.  The  base  terminals  36  and  38  of  the 
respective  transistors  26  and  30  are  connected  together  to  form  a  negative  input  to  which  input  terminal  14 
is  connected. 

The  collector  terminal  40  of  transistor  24  is  connected  to  resistors  42  and  44,  which  are  connected  in 
75  series.  The  collector  terminal  46  of  transistor  26  is  connected  to  resistors  48  and  58,  which  are  connected  in 

series.  Each  of  the  resistors  42  and  48  has  the  same  resistance  value,  Rx,  and  contributes  to  the  delay 
provided  by  subcircuit  20  as  will  be  further  described  below.  Each  of  the  resistors  44  and  50  has  a 
resistance  value,  RL,  and  functions  as  a  load  resistor  for  the  collector  terminals  of  the  transistors  included  in 
subcircuits  20  and  22.  Resistors  44  and  50  are  connected  to  the  collector  bias  supply  voltage,  V  Cc.  which 

20  for  ECL  circuitry  is  typically  zero  volts. 
The  junction  node  52  between  resistors  42  and  44  is  connected  to  the  collector  54  of  transistor  28  to 

form  a  negative  output  which  is  buffered  and  connected  to  output  terminal  18.  The  junction  node  56 
between  resistors  48  and  50  is  connected  to  the  collector  58  of  transistor  30  to  form  a  positive  output  which 
is  buffered  and  connected  to  output  terminal  16.  Junction  nodes  52  and  56  constitute  summing  points  or 

25  means  for  the  outputs  of  subcircuits  20  and  22.  Subcircuits  20  and  22  form  switching  circuits  with 
differential  outputs  on  which  versions  of  the  input  signal  appear  with  delay  times  of  different  amounts.  The 
output  signal  of  circuit  10  has  a  total  delay  that  is,  therefore,  synthesized  by  the  summing  of  the  output 
signals  of  subcircuits  20  and  22. 

A  pair  of  transistors  60  and  62  configured  as  emitter  followers  provide  a  buffering  function  for  the 
30  signals  appearing  on  the  respective  output  terminals  16  and  18.  An  emitter  bias  supply  voltage,  Vee  ,  which 

for  ECL  circuitry  is  typically  -  5.2  volts,  is  applied  to  the  emitters  of  transistors  60  and  62  through  the 
respective  resistors  64  and  66.  Each  of  the  resistors  64  and  66  has  a  resistance  value,  RE,  which  provides 
the  necessary  bias  currents  for  proper  ECL  circuit  operation.  The  collectors  of  transistors  60  and  62  are 
connected  to  VCc- 

35  The  amounts  of  current  flowing  through  transistors  24  and  26  of  subcircuit  20  and  transistors  28  and  30 
of  subcircuit  22  are  controlled  by  a  control  subcircuit  or  means  80  which  receives  an  externally  applied 
differential  DC  voltage  control  signal  across  a  positive  input  terminal  82  and  a  negative  input  terminal  84. 
Control  subcircuit  80  determines  the  relative  proportion  of  the  delay  effected  by  subcircuits  20  and  22  on 
the  digital  input  signal  and,  therefore,  controls  the  overall  delay  of  such  signal. 

40  Control  subcircuit  80  includes  NPN  transistor  86,  whose  base  terminal  90  is  connected  to  input  terminal 
82,  and  NPN  transistor  88,  whose  base  terminal  92  connected  to  input  terminal  84.  The  collector  terminal 
94  of  transistor  86  provides  a  sink  for  the  current  flowing  through  the  emitters  96  and  98  of  the  respective 
transistors  24  and  26  of  subcircuit  20.  The  collector  terminal  100  of  transistor  88  provides  a  sink  for  the 
current  flowing  through  the  emitters  102  and  104  of  the  respective  transistors  28  and  30  of  subcircuit  22. 

45  The  total  current  flowing  through  the  emitter  terminals  106  and  108  of  the  respective  transistors  86  and  88 
is  of  a  constant  amount,  lLl  and  is  provided  by  a  controlled  constant-current  source  110  of  conventional 
design.  A  resistor  112  having  a  resistance  value,  Rc,  is  connected  between  emitter  terminal  106  and  the 

s  junction  node  114  of  emitter  108  and  constant-current  source  110.  Resistor  112  causes  a  greater  proportion 
of  the  current  lLto  flow  through  emitter  108  of  transistor  88  when  the  control  signal  provides  a  potential 

\  so  difference  of  zero  volts  across  input  terminals  82  and  84.  Control  circuit  80  functions  to  control  the  amount 
of  delay  effected  on  the  digital  input  signal  in  the  following  manner. 

Whenever  the  potential  difference  of  the  control  signal  increases  the  base-to-emitter  voltage  of 
transistor  86,  the  amount  of  current  flowing  through  collector  94  of  transistor  86  increases  and  the  amount 
of  current  flowing  through  collector  100  of  transistor  88  decreases.  This  has  the  effect  of  increasing  the 

55  portion  of  the  digital  input  signal  traveling  through  slow  subcircuit  20  and  decreasing  the  portion  of  the  input 
signal  traveling  through  fast  delay  subcircuit  22.  The  net  effect  is  to  increase  the  total  delay  time  of  the 
digital  input  signal.  Whenever  the  potential  difference  of  the  control  signal  84  increases  the  base-to-emttter 
voltage  of  transistor  88,  the  amount  of  current  flowing  through  collector  94  of  transistor  86  decreases  and 
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the  amount  of  current  flowing  through  collector  100  of  transistor  88  increases.  This  has  the  effect  of 
decreasing  the  portion  of  the  digital  input  signal  traveling  through  slow  delay  subcircuit  20  and  increasing 
the  portion  of  the  digital  input  signal  traveling  through  fast  delay  subcircuit  22.  The  net  effect  is  to  decrease 
the  total  delay  time  of  the  digital  input  signal.  Since  the  total  current  flowing  through  collector  94  of 

5  transistor  86  and  through  collector  100  of  transistor  88  remains  constant  substantially  independent  of  the 
level  of  the  control  signal  voltage,  a  change  in  the  control  signal  voltage  results  only  in  a  reproportioning  of 
the  total  current  flowing  through  subcircuits  20  and  22. 

Subcircuit  20  provides  a  longer  delay  path  for  the  digital  input  signal  for  two  reasons.  First,  transistors 
24  and  26  are  fabricated  with  relatively  large  areas  that  provide  them  with  a  relatively  large  amount  of 

io  capacitance  between  their  collector  and  base  regions.  On  the  other  hand,  the  areas  of  transistors  28  and  30 
are  selected  for  maximum  speed.  Second,  resistors  42  and  48  contribute  to  the  delay  effected  by 
transistors  24  and  26  by  reason  of  Miller  multiplication  of  the  capacitance  between  the  collector  and  the 
base  of  each  of  transistors  24  and  26. 

The  externally  applied  control  signal  provides  an  adjustment  for  programming  the  desired  amount  of 
75  delay  of  the  digital  input  signal  by  changing  the  proportion  of  the  input  signal  traveling  through  subcircuits 

20  and  22.  The  total  amount  of  delay  circuit  10  is  capable  of  providing  ranges  from  between  the  delay 
provided  by  fast  subcircuit  22  and  the  delay  provided  the  slow  subcircuit  20. 

Table  I  presents  typical  values  of  the  components  shown  in  Fig.  1  for  a  circuit  10  that  is  designed  with 
each  of  transistors  24  and  26  having  an  area  that  is  four  times  greater  than  that  of  each  of  transistors  28 

20  and  30. 

Rj.  =  4  k i l o h m s  

IL  =  1  mA 

T a b l e   I  

The  sum  of  the  values  RL  and  Rx  should  not  exceed  an  amount  that  would  bias  transistors  24  and  26  into 
saturation.  The  circuit  described  above  is  designed  to  delay  a  digital  input  signal  of  the  ECL  type  by  about 
two  nanoseconds.  This  delay  time  can  be  held  constant  by  changing  the  voltage  level  of  the  control  signal 
that  is  applied  across  input  terminals  82  and  84.  Additional  delay  time  can  be  provided  in  subcircuit  20  by 
positioning  resistors  into  the  base  leads  of  the  respective  transistors  24  and  26. 

It  will  be  obvious  for  those  having  skill  in  the  art  that  many  changes  may  be  made  to  the  details  of  the 
above-described  preferred  embodiment  of  the  present  invention  without  departing  from  the  underlying 
principles  thereof.  For  example,  a  number  of  the  above-described  circuits  10  can  be  connected-  in  series  to 
provide  longer  delay  times  with  a  programming  capability.  The  scope  of  the  present  invention  should  be 
determined,  therefore,  only  by  the  following  claims. 

=  200  o h m s  

=  600  o h m s  

Rc  =  1  k i l o h m  

Claims 

1  .  An  electrical  circuit  for  providing  an  output  signal  that  represents  a  delayed  version  of  an  input  signal, 
comprising: 

current  means  for  providing  first  and  second  amounts  of  electrical  current; 
first  and  second  delay  subcircuits  that  receive  the  input  signal,  the  first  delay  subcircuit  receiving  the 

first  amount  of  electrical  current  to  provide  a  first  signal  which  represent  a  version  of  the  input  signal  that  is 
delayed  by  a  first  amount  and  the  second  delay  subcircuit  receiving  a  second  amount  of  electrical  current 
to  provide  a  second  signal  which  represents  a  version  of  the  input  signal  that  is  delayed  by  a  second 
amount;  and 

summing  means  for  summing  the  first  and  second  signals  to  provide  the  output  signal. 
2.  The  circuit  of  claim  1  in  which  the  current  means  further  comprises  control  means  for  selectively 

controlling  the  first  and  second  amounts  of  electrical  current  to  change  the  proportion  of  the  input  signal 
that  travels  through  the  respective  first  and  second  delay  subcircuits. 
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o.  me  circuit  ot  ciaim  <l  in  wnicn  the  control  means  proportions  the  first  and  second  amounts  of 
electrical  current  so  that  the  sum  thereof  remains  constant  as  the  first  and  second  amounts  of  electrical 
current  change. 

4.  The  circuit  of  claim  1  in  which  the  output  signal  is  delayed  by  an  amount  that  ranges  from  the  first 
5  •  amount  of  delay  to  the  second  amount  of  delay. 

5.  The  circuit  of  ciaim  I  in  which  the  first  and  second  delay  subcircuits  include  respective  first  and 
second  pairs  of  emitter-coupled  transistors,  each  of  the  first  pair  of  transistors  being  fabricated  to  have  a 
first  area  that  contributes  to  the  first  amount  of  delay  and  each  of  the  second  pair  of  transistors  being 
fabricated  to  have  a  second  area  that  contributes  to  the  second  amount  of  delay. 

70  6.  The  circuit  of  claim  5  which  further  comprises  a  constant-current  source  that  provides  the  first  and 
second  amounts  of  electrical  current  and  control  means  for  selectively  controlling  the  first  and  second 
amounts  of  electrical  current,  the  control  means  cooperating  with  the  constant-current  source  to  deliver  the 
first  and  second  amounts  of  electrical  current  to  the  respective  first  and  second  pairs  of  transistors,  thereby 
to  change  the  proportion  of  the  input  signal  that  travels  through  them. 

75 
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